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Abstract 
The features of finite-element modeling of both an element itself and its behavior under uniaxial tension have been 
demonstrated with a structural element of flexible woven composites. The main components of the material, such as reinforcing 
fabric and material’s matrix were examined in modeling. The reinforcing fabric is a plain weave. These yarns were taken as 
an elastic material. The matrix of the material was considered to be a soft polymer with the possible occurrence of irreversible 
elastic-plastic deformations. Moreover, the possible occurrence of damages in the structure of the material under high loads 
was taken into account in modeling. The fields of stresses and strains were built; the zones of the material’s internal damages 
under uniaxial tension were demonstrated. The risk zones of weave were revealed. 
Copyright © 2016, St. Petersburg Polytechnic University. Production and hosting by Elsevier B.V. 
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The main models used for describing the structure
of woven materials are applicable only to a "hard"
composite, with solid polymers, for example, hardened
epoxy resin [1–6] , acting as fillers. Geometric non-
linearity may be neglected for these materials [5,6] ,
since deformations occurring through loading are not
too large. The models created by the Composite Ma-
terials Group of KU Leuven (Belgium) have gained
a wide recognition [7–11] . This research team carried
out comprehensive studies of the behavior of woven
composites, starting from the experimental component





2405-7223/Copyright © 2016, St. Petersburg Polytechnic University. Produ
under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-n
(Peer review under responsibility of St. Petersburg Polytechnic University)allowing to model the behavior of the materials under
consideration based on the full finite element mod-
elling and to visually determine the most critical areas
of the reinforcing fabric. 
Geometric nonlinearity has a significant effect on
the mechanical properties of flexible woven (fabric)
composite materials [12,13] . It is related to the type
of composite filler and the deformation specifics of re-
inforcing yarns that straighten out during deformation,
change their stiffness [14] , transform from a bending
state to axial tension and separate from the matrix,
which leads to damage and debonding between the
fibers and the matrix in the structure of the material. 
In order to construct a model of a structural
repeated unit cell (called RUC), it is necessary to
accurately describe the internal state variables [15] .
It follows from the analysis of the geometricalction and hosting by Elsevier B.V. This is an open access article 
c-nd/4.0/ ). 
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Fig. 1. Plain weave schematic (top view) 1 is warp yarn; 2 is the 
weft yarn; 3 is the repeated unit cell (RUC). characteristics of the plain weave in question that the 
yarn length of the warp and the weft differs from the 
yarn width by no more than one order of magnitude; 
it can be concluded, then, that it is necessary to 
take into account the bending moments in the yarns 
[15-17] . Additionally, the presence of the bending 
causes compression areas to emerge in the fabric 
yarns, which requires using kinematic hardening for 
describing the potential elastic plastic deformation, 
as in this case the fabric yarn is considered to be a 
composite material consisting of flexible fibers and 
an elastic plastic matrix. 
This paper reveals the main features of construct- 
ing a deformation model for the repeated unit cell of 
a flexible woven composite using the finite-element 
modeling of the behavior of a RUC of a flexible woven 
composite sample as an example; the most critical ar- 
eas of the plain weave have been visually determined. 
We have obtained the stress and strain fields, as well Fig. 2. Longitudinal cross-section oriented along the weft 1 and 2 are the 
of the sine shape of the warp yarn, 4 is the matrix (filler) of the flexible was the areas of the maximum accumulation of internal 
damages occurring due to debonding in the material 
structure. 
Repeated unit cell and the specifics of constructing 
the structural model 
Periodic structures allow describing the behavior of 
the whole material through standard repeated elements 
of the internal structure. The plain weave under con- 
sideration ( Fig. 1 ) has a regular periodic structure in 
which a repeated unit cell (RUC) can be selected. It 
is generally assumed that for the materials in ques- 
tion, this cell contains a warp yarn, a weft yarn, and 
a weave architecture; the customary appearance of a 
cell is marked by a rectangle in Fig. 1. 
Without loss of generality and taking into account 
the specifics of this type of weave, let us assume that 
the shape of the weave changes by the same law over 
the whole fabric area. Let us examine a type of a RUC 
structure along the warp direction. In the longitudi- 
nal cross-section of the RUC ( Fig. 2 ), the reinforcing 
weave yarn has the shape close to a sine curve; to sim- 
plify the modeling of the structure this curve can be 
approximated by a set of straight-line segments (sim- 
ilar to the method used in Refs. [1,14] ). 
The elliptical cross-section of the yarns can be ap- 
proximated by a rectangular shape [12] . The RUC 
shown in Fig. 3 is the result of isolating a structural el- 
ement and simplifying the weave geometry; this RUC 
can describe the behavior of the material as a whole. 
A RUC of a flexible woven composite material con- 
sists of reinforcing yarns and a filler. The reinforcing 
yarns (of the warp and the weft) are a unidirectional 
composite consisting of a yarn matrix (a yarn filler) 
and reinforcing fibers (tows). For correctly modeling 
the reinforcing fabric, yarn reinforcement is introduced 
for each individual linear segment and coincides with 
the direction of the yarn. Considering the nature of warp and the weft yarns, respectively; 3 is the linear approximation 
oven composite. 
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 the reinforcing yarns (plied tows), it is assumed that
the material of the reinforcing elements (yarn fibers)
is flexible, with a constant volume fraction of the re-
inforcing fibers. 
Based on the experiments carried out [16] , it can be
assumed that the behavior of both the yarn filler and
that of the whole RUC of the composite is elastic-
plastic. It is convenient to use flow theory with linear
kinematic hardening to describe elastic-plastic behav-
ior. Then, during uniaxial tension along the warp, this
behavior is expressed as the following relationship be-
tween the stress and the strain: 
σ = 
{
E ε, ε ≤ ε t 
σt + E t ( ε − ε t ) , ε > ε t , 
where σ and ε are the current stress and strain; Е
is the elastic modulus; Еt is the hardening modulus
during the elastic-plastic deformation; σ t is the yield
strength; ε t =σ t / E are the strains corresponding to the
yield strength. 
Fiber separation in the reinforcing yarns and dam-
ages in the yarn matrix may occur during the defor-
mation of flexible woven composite materials due to
debonding between the reinforcing fibers and the ad-
hesive. These processes can be described as ’smeared
cracks’ [18-21] . This description is based on the
changes in the rigidity matrix of the material when
a fracture appears. The crack is not introduced ex-
plicitly. Fractures can appear only in the composite
matrix, while the reinforcing fibers are not destroyed.
The following criterion for the fracture of the compos-
ite matrix and for a ‘smeared crack’ occurring in the
integration node is introduced for taking into accountpossible internal damages [19] : 
F 
f c − S ≥ 0. 
where F = F ( σ1 , σ2 , σ3 ) is the principal stress func-
tion; f c is the ultimate tensile strength of the material;
S is the failure surface determined from the mechani-
cal characteristics of the filler. 
It seems expedient to describe calculating the RUC
of the flexible woven composite in increments due
to the geometric nonlinearity of the problem and
the potential changes in the rigidity of the material
during deformation as a result of ‘smeared cracks’
emerging. 
Boundary conditions 
To model uniaxial tension of the RUC of the flexi-
ble woven composite, and the stress and strain fields,
the displacement at the A boundary in the tensile di-
rection u x | A = 0 is forbidden along the warp yarns,
while the displacement u x | B = u ∗ is given at the B
boundary, and the symmetry condition is given at the
C and D boundaries. 
The problem set is solved by the finite element
modelling ( Fig. 4 ). The matrix (filler) of the RUC of
the flexible woven composite is modeled by the main
solid-185 8-node finite elements. These elements
allow to model solid bodies in the ANSYS software
while taking account of the potential large strains [19] .
The reinforcing yarns are modeled by the solid-65
8-node finite elements. These elements allow to take
account of the presence of reinforcing elements with
the given orientation inside the modeled body and
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Fig. 4. RUC of the flexible woven composite during uniaxial tension (the direction of the tension is shown by arrows); A, B, C, D are the 
object’s boundaries. 
Table 1 
Mechanical properties of the materials used. 
Type of material E , MPa v σ t , MPa E t , MPa 
Reinforcing fibers of warp and weft yarns of the RUC 1.5 · 10 3 0.20 – –
Matrix (filler) of warp and weft yarns of the RUC 40 0.35 20 20 
Matrix of the RUC of the flexible woven composite 30 0.30 18 16 
Notations: E is the initial elastic modulus, ν is Poisson’s ratio, σt is the yield strength, E t is 
the hardening modulus at elastic-plastic deformation. 
Fig. 5. Field of von Mises-equivalent stresses (Pa) for the flexible woven composite at uniaxial tension (frontal view). the given volume fraction of the reinforcing fibers. 
Additionally, it is possible to take into account the 
emergence and the influence of the ‘smeared cracks’ 
on the mechanical properties of the material inside 
the reinforcing yarn matrix. 
The mechanical properties of the materials used for 
modeling are listed in Table 1. 
The resulting stress and strain fields ( Figs. 5 and 6 ) 
allow finding the most critical areas of fabric yarns in- 
terweaving. It is these areas that determine the strength 
capacities of the material and of the structures created 
based on it. 
Fig. 7 shows the results of modeling the object 
subjected to uniaxial tension by the ‘smeared crack’ 
method. Analyzing the results presented in Figs. 6 and 7 
leads us to the conclusion that the most critical areas 
of the plain weave are the sloped segments of the rein- 
forcing yarns. Even for materials without pre-existing 
local damages (reinforcing yarns missing or torn, fab- 
ric yarns distorting), the stresses in the sloped weave 
segments (see Fig. 5 ) are 4 or 5 times higher than the 
stresses in the material as a whole. Elastic and elastic- 
plastic strains also develop primarily in the sloped yarn 
segments. 
According to the results shown in Fig. 7 , the largest 
number of smeared cracks emerges in the areas of 
the maximum stress and strain, which once again 
proves that overloading the sloped yarn segments is 
dangerous. 
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Fig. 6. Fields of elastic ( a ) and plastic ( b ) strains for the flexible woven composite at uniaxial tension (frontal view). 
Fig. 7. Results of modeling the internal damages in the object by the ‘smeared crack’ method (the ellipses mark the areas where the maximum 
damages accumulate). 
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 Conclusion 
The study describes the specifics of constructing a 
model for the behavior of a repeated unit cell of a flex- 
ible woven composite as a structural element describ- 
ing the deformation process of flexible woven compos- 
ite samples. The paper lists the stress and strain fields 
of the representative volume of the studied material, 
and demonstrates the areas of the maximum accumu- 
lation of ‘smeared cracks’. 
The main conclusion this study has reached is that 
it is necessary to take detailed account of the stress- 
strain state of the sloped yarn segments of the rein- 
forcing fabric weave when constructing deformation 
models for the materials under consideration. Analyz- 
ing the convergence of the numerical solution proved 
that the solution is stable to the input parameters of 
the model. 
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